AD-A22 


r 


00 

rs 

to 


fUbff'te  ctffi 


ITATiCM  PAGE 


om  No.  0704-01  u 


rrmmitsi** wwrwiBy  «  «wm«m w *■* »»•  '  *mmm. mm* rnmm* «wtM, Mm iw hum  mm  mm 

ZSS  -T-jr-T*-— *  ■»  ««■"«—«•  **.«»*»«»<*  M*  *  ;"_**«»»<».  V*  WMNmMM  MMWmm  Of  a*  oow  MM  o*  *n 

AatMcr  uu  o5Tt1l#*U  tUj 


TTTU  ANO  tUlflEl™"""1" 

Novel  Schemes  for  Electromagnetic  Launchers 


-  ■gm.  38  I  ’•  Sep  87 


AUTHOOtsi 

Zivan  Zabar 


hS55555  oACAAiZAnow  wamks)  aho  loSwsiisl 


s.  WJNOtfW  NUMURS 

63220C/S812/B1 


j  I.  JVONSOAIMA/MQMTOJUIKS  AOINCV  NAM$(S>  ANC  AGGCI^M)  ‘‘p^T 

u  I  tu 


Polytechnic  University 
Department  of  Electrical  Engineering 
Brooklyn,  NY  11201 


«.  NWONMNM  OROANIZAnQM 
WORT  NUMMA 


APO^-H*  90  0  519 


ITWSISSSJTB^EBar 


AFCSR/NP 

Bolling  AFB  DC  20332-6448 


W.luma«iMlAAv  nous 


PLECTE 
APR  3  0 1990  ■  R 


Dq> 


A4INCV  AIRORT  MUMMR 

F49620-86-C-012S 


lit.  otitwj  bo*  /  avarIamjFv'  IftHSSST 


raroswwsssr 


Approved  for  public  release;  distribution  is  unlimited. 


A  design  concept  of  the  coil  gun  together  with  its  power  conditioning  unit 
as  an  integrated  system  has  been  developed.  The  coil  gun  operates  on  the 
principle  of  the  classical  multiphase  induction  machine,  and  can  therefore 
be  called  a  linear  induction  launcher  (111).  It  has  the  advantage  of 
eliminating  the  need  for  accurate  synchronization  of  the  switching  sequence. 
The  projectile  consists  of  a  payload  housed  within  a  conductive  sleeve. 

Strong  centering  forces  due  to  the  currents  in  the  sleeve  provide  stability 
and  minimize  the  magnetic  fields  within.  The  power  conditioner  functions 
efficiently  by  using  the  energy  left  over  from  the  previous  stages  to  provide 
energy  for  later  higher-velocity  stages.  \ 


!  / 


linear  induction  launcher,  synchronization,  coil  gun  , 


[TiTSSSKA  6»  >*au 

rcngraa — 


nmas mwsmsr 


UL 


OR  WO it 

UNCLASSIFIED 

xssm&w w 


iiT  ttojAtfv  gsisCTgrr^^ 


V  THJ*  n<u 

UNCLASSIFIED 


OR  A8STSACT 

UNCLASSIFIED 


ftp  04  2T  044 


J>AR 


•t  mm  ua  n*.'» 


U  !!  N  Jiff VlillN  tMJ 


The  Report  Documentation  Page  (RDP)  is  used  in  announcing  and  cataloging  reports,  it  is  important 
that  this  information  b«  consistent  with  the  rest  of  the  report,  particularly  the  cower  and  title  page, 
instructions  for  filling  in  each  block  of  the  form  follow,  it  is  important  to  stay  within  the  Him  to  meet 
optica/  tanning  nquinments.  _ 


Hock  1.  Afloncw  Use  Only  (Leave  bfonk). 

Mock  2.  Report  Date.  Full  publication  date 
including  day,  month,  and  year,  if  available  (e.g.  1 
jan  48).  Must  cite  at  least  the  year. 

Mock  3.  Tvoe  of  Report  and  Oates  Covered. 
State  whether  report  is  interim,  final,  etc.  if 
applicable,  enter  inclusive  report  dates  (e.g.  1 0 
Junf7>  30  Juntl). 

Mock  4.  Tide  end  Subtitle.  A  title  is  taken  from 
the  pert  of  the  report  that  provides  the  most 
meaningful  and  compltte  information.  When  a 
report  is  prepared  in  more  than  one  volume, 
repeat  the  primary  tide,  add  volume  number,  and 
indudesubtitle  for  the  specific  volume.  On 
classified  documents  enter  the  tide  classification 
in  parentheses. 

Stock!  Funding,  lumbers.  To  indude  contract 
«nd  grant  numbers;  may  include  program 
element  numbers),  project  numbers),  task 
numbers),  and  work  unit  numbers).  Use  the 
following  labels: 


C  •  Contract 
6  •  Grant 
H  ♦  Program 
Element 


Project 

Talk 

Work  Unit 
Accession  No. 


Mock!  Authorial.  Name(s)ofpsrson<s) 
responsible  for  writing  the  report,  performing 
the  research,  or  credited  with  the  content  of  the 
report  if  editor  or  compiler,  this  should  follow 
thanantejs). 

Med:  7. 


UKtBkf  TuE  sPK  Itl'l 


.  Self-explanatory. 

Mock  !  Performing  Owniaation  Report 
Number.  Enter  the  unique  alphanumeric  report 
number**!  toigned  by  the  organization 
performing  the  report 

Mock!  SoonsarinofMonitorino Aoencv  Nametil 
and  Addresses).  Self-explanatory. 

Mock  10.  SggnWti^M^J.tgring 
Report  Number.  Of  known) 

Mock  1!  Supplementary  Notes.  Enter 
information  not  induded  elsewhere  such  as: 
Prepared  in  cooperation  with...;  Trent,  of...;  To  be 
published  in....  When*;  report  is  revised,  include 
a  statement  whether  the  new  report  supersedes 
or  supplements  the  older  report 


Hock  12a.  Distribution/Availabilitv  Statement. 
Denotes  public  availability  or  limitations.  Gte  any 
availability  to  the  public.  Enter  additional 
limitations  or  special  markings  in  ail  capitals  (e.g. 
NOFORN,  REL,  ITAR). 

DOO  -  see  DoOD  5230.24,  *  Distribution 
'  Statements  on  Technical 
Documents.* 

001  •  See  authorities. 

NASA-  See  handbook  NHi  2200.2. 

NTis  -  Leave  blank. 


Slock  12©, 


MASA 

NTIS 


Leave  blank. 

Enter  OOC  distribution  categories 
from  the  Standard  Distribution  for 
Unclassified  Scientific  a.id  Technical 
Reports. 

Leave  blank. 

Leave  dink. 


Slock  1!  Abstract  Include  a  brief  (Minimum 
200  words)  factual  summary  of  the  most 
significant  information  contained  in  the  report 

■lock  14.  SubiectTerm  Keywords  or  phrases 
identifying  major  subjects  in  the  report 

■lock  IS.  Number  of  Pages.  Enter  the  total 
number  of  paget 


Slock  IS.  Prict  Codt.  Enter  appropriate  price 
code  (HUS  only). 

Slocks  17.  -1*.  Security  aetsificitiont  Self- 
explanatory.  Enter  U.S.  Security  Classification  in 
accordance  with  U.S.  Security  Regulations  (i.e., 
UNCLASSIFIED).  If  tarn  contains  classified 
information,  stamp  classification  on  the  top  and 
bottom  of  the  page. 

Slock  20.  Limitation  of  Abstract  This  block  must 
be  completed  to  assign  a  limitation  to  the 
abstract  Enter  either  UL  (unlimited)  or  SAR  (same 
at  report).  An  entry  in  this  block  it  necessary  if 
the  abstract  is  to  be  limited.  If  blank,  the  abstract 
isassurr  *o  be  unlimited. 


i  mi  i  h" vi  Mar'  ii 


NOVEL  SCHEMES  FOR 
ELECTROMAGNETIC  LAUNCHERS 


For  the  period: 
Under: 

Submitted: 


Final  report  prepared  for 
AFOSR 

by 

Polytechnic  University 


Sept.  1,  1986  -  Sept.  30,  1987 


F49620-86-C-0126 


February  28,  1988 


Zivan  Zabar 
Principal  Investigator 


Work  sponsored  by  the  SDIO/IST  and  managed  by  AFOSR. 


Contributors  to  work  described  in  report: 


Staff: 


Students: 


Prof.  Z.  Zabar 
Prof.  E.  Levi 
Prof.  Y.  Naot 
Prof.  L.  Birenbaum 
Prof.  S.  Kuo 
Prof.  W.  Mihajiovic 


F.  Chishty  K.  Y.  Cheung 

J.  Cina  D.  Clarke 

K.  Hadidi  C.  Mahler 

J-  He  T.  Phan 

P.  Joshi  D.  Pizzo 
H.  Lee 


Present  Status  of  Project 


A  design  concept  of  the  coil  gun  together  with  its  power  conditioning  unit  as  an  integrated 
system  has  been  developed.  The  coil  gun  operates  on  the  principle  of  the  classical  multiphase 
induction  machine,  and  can  therefore  be  called  a  linear  induction  launcher  (LIL).  It  has  the 
advantage  of  eliminating  the  need  for  accurate  synchronization  of  the  switching  sequence.  The 
projectile  consists  of  a  payload  housed  within  a  conductive  sleeve.  Strong  centering  forces  due  to 
the  currents  in  the  sleeve  provide  stability  and  minimize  the  magnetic  fields  within.  The  power 
conditioner  functions  efficiently  by  using  the  energy  left  over  from  the  previous  stages  to  provide 
energy  for  later  higher-velocity  stages. 

More  work  is  needed  to  understand  how  to  better  utilize  the  materials  within  the  limits  of 
the  mechanical  and  thermal  stresses;  to  develop  an  adaptive  control  system;  to  find  out  how  to 
work  with  the  very  high  blocking  voltage  of  the  power  switches,  and  to  construct  a  demonstration 
model  of  a  scaled-down  UL  machine. 

Work  Done 

During  the  first  year,  our  effort  resulted  in  the  following  accomplishments: 

1 .  A  feasibility  study  was  made  in  which  scaling  laws  were  developed  to  provide  the 
dimensions  for  the  launcher  within  the  SDIO  requirements. 

2.  The  idea  of  a  traveling-wave  synchronous  launcher  was  examined  in  which  a  multiphase 
arrangement  of  the  drive-coil  system  accelerates  a  conducting  cylindrical  sleeve  and  its 
inner  payload. 

3.  A  power  conditioning  system  for  the  gun  was  conceived  which  consists  of  several  different 
schemes  to  be  used  for  the  low,  medium  and  high  velocity  segments  of  the  baireL 


4.  Calculations  of  the  decay  time  of  the  currents  flowing  in  the  projectile  sleeve  were  made 
and  compared  with  the  projectile  transit  time. 

5.  A  mathematical  model  was  developed  for  the  band  of  currents  moving  along  the  barrel. 

6.  For  the  synchronous  launcher,  the  forces  on  the  projectile  were  analyzed  and  their  values 
were  calculated,  taking  into  account  conductivity,  air  gap,  pole  pitch,  dimensions  and 
material  stresses.  The  results  of  these  preliminary  studies  motivated  the  search  for 
alternative  schemes. 

7.  Non-synchronous  operation  of  the  gun  was  investigated  to  eliminate  the  need  for  exact 
synchronism  between  the  projectile  and  the  wave  packet  Reliance  was  placed  on  induced, 
rather  than  impressed  sleeve  currents.  This  resulted  in  a  complete  design  procedure  for  a 
coil  gun  utlizing  the  force  slip  characteristic  as  the  principal  law  governing  the  thrust  in  the 
gun. 

8 .  The  design  procedure  for  the  launcher  was  further  developed  and  optimized,  the  barrel  was 
sectionalized,  and  the  number  of  requited  switches  was  reduced. 

9.  A  power  conditioning  circuit  was  adapted  to  accommodate  the  need  far  merging  a  number 
of  barrel-sections. 

Directions  for  Further  Work 

1.  To  carry  out  a  static  experiment  for  testing  force,  current  and  slip  relationships. 

2.  To  test  and  develop  power  conditioning  schemes, 

3 .  To  develop  an  adaptive  control  scheme  to  successively  adjust  system  behavior. 

4.  To  build  a  scaled-down  launcher. 

5.  To  study  mechanical  and  thermal  stresses  by  finite  element  analysis. 


Summary 


This  report  describes  our  first  year  of  work  on  the  design  of  electromagnetic  launchers  and 
of  power  conditioning  systems  for  them.  Our  efforts  were  mainly  directed  toward  the  coil  gun. 

The  report  consists  of  a  set  of  four  quarterlies,  each  summarizing  the  work  accomplished 
during  a  three  month  period. 

At  first,  attention  centered  on  a  synchronous  version  of  the  coil  gun;  later,  on  an 
asynchronous  machine.  In  both  cases,  the  gun  barrel  is  composed  of  a  linear  array  of  coils 
carrying  polyphase  currents.  These  function  to  create  an  electromagnetic  wave  packet,  moving 
with  increasing  velocity  from  breech  to  muzzle,  and  driving  the  projectile  al'r  g  with  it  The  outer 
portion  of  the  projectile,  a  conductive  sleeve,  carries  a  set  of  azimuthal  currents  sinusoidally 
distributed  along  its  length,  and  encloses  the  projectile  payload.  Selection  of  a  conducting  cylinder 
as  the  projectile  housing  was  intended  to  give  a  smoothly  accelerated  motion  rather  than  an 
impulsive  one,  that  would  characterize  the  movement  of  a  projectile  consisting  of  a  single  coil  or  of 
a  discrete  set  of  coils.  In  addition,  the  sleeve  would  serve  to  center  the  projectile  inside  the  barrel 
without  the  need  for  supporting  guides.  Also,  the  shielding  effect  of  the  conductive  sleeve  would 
eliminate,  in  principle,  any  magnetic  field  from  affecting  the  sensitive  electronics  of  a  'smart' 
projectile.  The  power  conditioner  serves  to  inject  currents  sequentially  into  the  barrel  coils  so  that 
energy  can  be  effectively  transferred  from  them  into  the  projectile. 

At  an  early  stage  of  the  project,  a  feasibility  study  was  carried  out  in  which  scaling  laws 
were  developed  for  the  length  of  the  barrel  and  projectile,  the  thickness  of  the  armature  and  the 
relation  between  the  diameter  and  the  pole  pitch.  It  was  concluded  that,  within  the  constraints  of 
available  materials,  a  1  kg  projectile  could  be  accelerated  with  a  reasonable  barrel  length,  but  that 
the  length  was  proportional  to  the  cube  of  the  muzzle  velocity. 

The  principal  problem  with  operation  in  the  synchronous  mode  was  the  need  for  precise 
coincidence  between  the  movement  of  the  wave  packer  and  that  of  the  projectile.  It  soon  became 
evident  that,  to  meet  this  requirement,  it  would  be  necessary  to  devise  a  real-time  control  system 
that  would  govern  the  triggering  of  the  current  injection  switches.  An  alternate  approach  was 


therefore  investigated  that  uses  a  mode  of  operation  similar  to  that  of  an  induction  motor.  This  is 
possible  because  the  force-slip  characteristic  of  the  coil  gun,  when  operated  asynchronously,  is 
very  similar  to  the  torque-slip  characteristic  of  a  polyphase  rotating  machine. 

The  most  important  accomplishment  during  our  year  of  study  was  the  development  of  a 
detailed  procedure  for  designing  a  multi-section,  inductively-operating  coil  gun.  The  calculated 
projectile  velocities  and  temperatures  make  us  believe  that  it  may  really  be  possible  to  construct  a 
coil  gun  of  this  type;  that  is,  the  acceleration  of  a  1  kg  projectile  to  a  velocity  of  2  km/s  with 
reasonable  efficiency  is  a  first  attainable  goal.  A  high  degree  of  energy  utilization  is  obtainable 
mainly  because  of  a  newly-developed  power  conditioning  circuit  that  operates  by  transferring 
energy  from  capacitor  to  capacitor  simultaneously  with  the  projectile  movement  (in  an  open  loop 
controlled  circuit).  Other  major  accomplishments  were  the  development  of  a  mathematical  model 
for  the  spectrum  of  harmonics  currents  moving  along  the  barrel;  the  development  and  breadboard 
testing  of  a  power-conditioning  system  for  energizing  the  coil  currents;  analysis  and  calculation  of 
the  forces  on  the  projectile;  study  of  the  effects  of  varying  the  principal  parameters  of  the  gun 
(sleeve  conductivity,  air  gap,  pole  pitch,  sleeve  radius  and  thickness,  maximum  allowable  stress.) 

Of  course,  in  the  last  analysis,  the  performance  of  an  experimental  model  of  the  gun,  when 
energized  by  a  power  conditioning  system,  will  be  the  real  test  of  the  feasibility  of  our  proposed 
solution  to  the  electromagnetic  launcher  problem. 

Detailed  summaries  of  the  work  performed  during  each  quarter  arc  next  presented. 
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First  Quarter  -  Summarv_of  Work  Performed 


During  the  first  interval,  primary  emphasis  was  placed  on  a  linear  synchronous  accelerator. 
This  approach  to  the  design  of  an  electromagnetic  launcher  employs  a  sequential  linear  arrangement 
of  coaxial  drive  coils  through  which  a  projectile,  housed  within  an  electrically  conducting  sleeve,  is 
propelled  at  an  increasing  velocity  from  breech  to  muzzle.  The  propelling  force  is  due  to  the 
interaction  between  azimuthal  currents  flowing  in  the  sleeve  and  the  radial  component  of  the 
magnetic  field  set  up  by  driver  coil  currents.  This  gun  design  concept  is  now  described  in  more 
detail  in  the  following  paragraphs. 

Initially,  in  the  "start"  section  of  the  gun  barrel,  at  the  breech,  a  pattern  of  azimuthal  sleeve 
currents  is  impressed  by  induction.  Once  established,  this  current  pattern  (a  sinusoidal  distribution 
along  the  length  of  the  sleeve)  does  not  change  too  much  because  the  projectile  transit  time  through 
the  gun,  anticipated  to  be  about  2  milliseconds,  is  less  than  the  time  constant  for  decay  of  the 
currents,  estimated  to  be  about  3.5  milliseconds.  By  suitably  injecting  currents  into  the  array  of 
coils  constituting  the  four  sections  into  which  the  barrel  is  divided  (the  "start"  section  being  the 
first),  a  traveling-wave  magnetic  field  packet  is  created  within  the  barrel.  This  provides  the  energy 
transfer  mechanism  which,  by  its  interaction  with  the  sleeve  currents,  propels  the  projectile  with  a 
relatively  constant  force,  and  hence  with  an  increasing  velocity,  through  the  gun.  Transfer  of 
energy  from  electrical  form  in  the  gun  power  supply,  to  kinetic  form,  for  the  projectile  motion,  is 
accomplished  differently  in  the  four  gun  sections,  in  a  maimer  appropriate  to  the  "start,"  "low- 
velocity,"  "medium-velocity"  and  "high-velocity"  regimes. 

The  launcher  may  be  visualized  as  an  assembly  of  two  basic  types  of  elements:  drive  coils 
and  projectile  coils.  For  our  understanding,  the  performance  of  a  single-drive-coil,  single- 
projectile-coil  system  was  analyzed  when  excited  by  a  voltage  spike.  The  efficiency  of  energy 
transfer  was  calculated,  and  found,  for  the  ideal  case  of  no  resistive  losses  in  either  coil,  to  be 
equal  to  the  square  of  the  initial  coefficient  of  coupling  between  the  two  coils.  The  effects  on 
efficiency  of  losses  in  the  drive  coil  and  in  the  projectile  coil  were  examined.  Especially  interesting 
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was  the  finding  that  projectile  losses  gave  rise,  after  the  initial  pan  of  its  travel,  to  a  retarding  force 

(similar  to  a  drag  force)  for  the  remainder  of  its  travel.  The  relative  importance  depends  on  the  size 

of  the  resistive  losses.  Calculations  were  made  of  the  mutual  inductance  M,  of  the  dependence  of 

dM 

M  on  the  separation  x  between  the  coil  centers;  and  of  <k  ,  which  is  a  measure  of  the  accelerating 
force  on  the  projectile  for  fixed  currents  in  the  two  coils. 

For  the  single-coil  system,  an  important  question  that  arises  is;  if  the  driver  coil  moves 
transversely,  off-axis,  during  its  travel,  will  there  be  a  restoring  force  or  not?  This  question  of 
transverse  stability  was  first  thought  about  and  then  experimentally  studied  in  a  simple  system.  It 
was  found  that,  when  the  coils  were  co-planar,  the  system  is  stable;  however,  during  the  coil 
motion,  the  arrangement  soon  becomes  unstable  after  the  moving  coil  has  been  driven  a  short 
distance  beyond  the  driver. 

Next,  the  idea  of  a  traveling-wave  synchronous  launcher  was  examined,  in  which  the 
sequence  of  coils  constituting  the  gun  barrel  is  excited  to  achieve  a  relatively  non-impulsivc, 
smooth  accelerating  force  applied  to  a  cylindrical  sleeve  projectile,  rather  thin  to  a  single  driven  coil 
or  to  a  set  of  driven  coils.  An  important  aspect  of  this  idea  is  that  a  set  of  circular,  azimuthal 
currents  is  induced  on  the  sleeve  during  the  first  part  of  its  motion  so  that  the  Graveling-wave 
magnetic  field  packet  may  subsequently  accelerate  it.  Hence,  it  was  essential  to  estimate  the  decay 
time  of  these  currents  so  that  a  comparison  could  be  made  with  the  transit  time  through  the  gun. 
This  estimate  was  made  first  for  a  planar  sleeve  model,  and  then  for  a  cylindrical  sleeve.  The  two 
results  were  nearly  in  agreement,  yielding  a  time  constant  of  about  3.$  ms  for  the  dimensions 
chosen  and  for  a  copper  sleeve.  This  exceeds  the  anticipated  transit  time  of  about  2  ms,  and  hence 
offered  us  encouragement  that  the  overall  general  concept  was  sot  an  unreasonable  one. 


Second  Quarter  -  Summary  9i3MUterfQiP«l 


During  the  second  quarter,  our  work  continued  to  focus  on  the  linear  electromagnetic 
launcher. 

An  important  question,  first  raised  in  the  previous  quarter,  was:  How  does  the  decay  time 
of  the  sleeve  currents  compare  with  the  transit  time  of  the  projectile  through  the  gun?  Obviously,  if 
the  currents  decay  too  quickly,  there  will  be  no  thrust  available  to  accelerate  the  projectile  during 
the  latter  part  of  its  transit  through  the  barrel.  The  time  constant  for  the  (copper)  sleeve  was 
estimated  to  be  3.5  milliseconds  in  the  previous  quarter,  compared  to  a  transit  time  of  2  ms. 
During  this  quarter,  a  more  careful  re-calculation  of  this  quantity  was  made  for  the  cylindrical 
model  (the  new  result  was  3 33  ms  instead  of  3.74  ms),  and  an  additional  calculation  was  made  for 
a  smaller  projectile  diameter  (5  cm  -  the  result  was  3.53  ms).  We  concluded  that  the  radius  of  the 
projectile  sleeve  has  only  a  minor  influence  on  the  decay  time,  and  that  die  previous  estimate  of  3.5 
ms  was  (perhaps  fortuitously)  a  very  good  one. 

To  gain  additional  insight  into  the  question  of  decay  time,  a  different  nx)dei  of  the  projectile 
was  employed:  it  was  viewed  as  a  long  coil;  that  is,  a  lumped  circuit  rather  than  a  field  approach 
was  used  A  coil  has  resistance  R  and  inductance  L,  with  an  associated  time  constant  of  Lit  This 
approach  tsdesenbed  in  detail  The  results  suggest  that  mutual  inductance  effects  give  a  decay  rcie 
in  the  center  of  the  sleeve  that  is  foster  than  that  at  the  ends  of  the  sleeve.  Subsequently,  the  same 
approach  was  ^aed  to  study  the  wave-shape  of  the  current  in  the  coils  that  compose  the  barrel. 
There,  currents  are  switched  os  sequentially  in  the  coils  at  the  front  end  of  the  excited-coil  group, 
and  switched  off  at  the  trailing  end  of  the  group.  Ideally,  they  are  sinusoidal  for  exactly  three 
cycles,  for  as  long  a  time  as  they  flow;  actually,  they  are  not.  The  results  of  this  study  were 
presented  in  the  third  quarterly  report 

In  our  launcher,  the  methods  used  to  switch  die  coil  currents  are  different,  dependingupon 
whether  the  coils  are  located  in  the  low,  medium,  or  high-velocity  section  of  the  barrel  For  the 
medimn*veiocity  portion,  an  analysis  and  design  of  a  six-seebou  model  is  presented,  with  resistors 


used  to  represent  energy  transfer  to  the  projectile  during  its  travel  through  the  center  of  the  barrel. 
The  basic  idea  of  the  circuit  is  described  in  detail,  with  magnetic  coupling  among  the  six  coils 
assumed  to  be  absent.  The  construction  of  a  breadboard  model  was  sauted  so  that  the  circuit 
behavior  could  be  experimentally  observed.  It  was  planned,  later,  to  position  the  coils  to 
gradually  increase  the  coupling  in  order  to  simulate  a  more  realistic  situ.v  on.  The  experimental 
circuit  behavior  is  described  in  the  third  quarterly  repeat 

la  order  to  calculate  forces,  losses  and  efficiency,  two  mathematical  models  were 
constructed  for  the  distribution  of  currents  along  the  barrel.  One,  an  integral  representation,  was 
based  on  the  Fourier  transform.  The  second,  a  discrete  representation,  was  based  on  Fourier 
series.  The  current  in  each  coil  was  assumed  to  be  sinusoidal,  but  to  last  for  only  a  few  complete 
cycles.  Then,  to  check  the  validity  of  the  representation  based  or  Fourier  series,  a  set  of 
parameters  was  chosen,  and  the  current  distribution  along  the  barrel  calculated  for  a  number  of 
different  values  of  time.  Also,  the  spectral  composition  of  the  distribution  was  calculated.  The 
graphs  depicting  the  current  distribution  clearly  show  a  travelling  wave,  and  suggest  that  the 
original  formulas  and  the  program  which  was  used  to  develop  the  graphs  are  both  correct 

In  a  separate,  self-contained  section  intended  to  be  the  core  of  a  published  paper,  the  basis 
for  a  design  procedure  for  the  launcher  was  presented;  those  aspects  of  the  work  to  dare  underlying 
the  design  were  briefly  summarised;  and  the  effects  of  asynchronous  wave  components  were 
considered.  Also  discussed  were:  how  the  design  is  affected  by  mechanical  stress  limitations; 
thermal  diffusion  velocity;  temperature  rise  of  the  projectile;  how  the  barrel  length  depends  on  the 
muzzle  velocity;  and  how  efficiency  is  affected  by  muzzle  velocity. 


Third  Quarter  -  Summary  of  Work  Performed 


The  work  accomplished  during  the  third  quarter  again  focussed  on  the  coil  gun,  and 
consisted  of  four  main  parts: 

(a)  For  the  currents  flowing  in  the  barrel  coils,  waveforms  were  plotted  for  the  case  where 
18  coils  were  sequentially  energized  with  60°  delay  between  firings.  Bach  coil  was  allowed  to 
oscillate  for  exactly  three  periods.  The  purpose  was  to  see  whether  the  currents  actually  were 
sinusoidal  or  not  This  simulation  suggests  what  might  occur  in  a  practical  situation.  This  work 
was  done  for  three  different  spacings  between  adjacent  coils.  The  results  indicate  that,  in  the  first 
few  and  in  the  last  few  coils  on  a  long  barrel,  the  currents  would  not  be  sinusoidal,  but  along  most 
of  the  barrel  length,  the  waveform  would  be  quite  good. 

(b)  A  breadboard  circuit  was  built  to  simulate  the  medium-velocity  section  of  the  barrel. 
It  was  a  six-coil  scaled-down  version  with  no  coupling  between  the  coils.  The  goal  was  to  test  the 
circuit,  to  gain  insight  into  its  behavior  and  to  make  an  estimate  of  the  efficiency  of  the  power 
conditioner.  Voltage  waveforms  across  each  capacitor  and  currents  in  each  coil  were  recorded. 
For  this  experimental  circuit,  in  which  the  currents  flowed  for  only  one  half-cycle,  and  in.  which 
the  peak  currents  increased  in  value  in  succeeding  coils,  it  was  estimated  that  the  one-shot  energy- 
usage  efficiency  was  about  56%.  In  a  practical  situation,  in  which  the  peak  currents  in  the  barrel 
coils  would  be  kept  constant  to  make  the  thrust  on  the  projectile  fixed,  and  in  which  there  are 
repeated  firings,  it  is  believed  that  the  efficiency  would  be  considerably  higher. 

(c)  An  analysis  of  a  planar  model  of  an  asynchronous  driver-projectile  system  was  carried 
out  For  this  case,  the  projectile  velocity  V  was  lower  than  the  magnetic  wave  velocity  Vs;  that  is, 
there  was  a  relative  velocity  between  the  projectile  and  the  wave.  The  force  was  calculated  that  is 
exerted  on  the  projectile  by  the  action  of  the  magnetic  field  on  the  projectile  currents.  This  mode  of 
operation  is  very  similar  in  concept  to  that  of  an  induction  motor.  The  results  are  presented  in  the 
form  of  a  series  of  graphs  showing  the  force  as  a  function  of  the  slip  (Vs-V)/Vs  between  the 
projectile  and  wave  velocities.  Parametric  studies  of  the  effects  of  varying  the  synchronous  speed 


-9- 


Vs,  conductivity,  gap  width  and  pole  pitch  were  made.  The  behavior  of  the  system  was  found  to 
be  qualitatively  and  quantitatively  similar  to  that  of  an  induction  motor.  This  similarity  was  used  as 
the  basis  for  developing  a  design  procedure  for  a  coil  gun  operating  in  the  asynchronous  mode. 

(d)  A  procedure  for  designing  a  coil  gun  to  operate  in  the  asynchronous  mode  was 
developed.  It  is  based  on  the  assumption  that  the  gun  has  a  force-slip  characteristic  that  is  identical 
with  the  torque-slip  characteristic  of  an  induction  motor.  The  gun  is  seen  as  consisting  of  a 
number  of  separate  sections;  each  may  have  a  different  synchronous  speed,  and  operates,  from 
projectile  entry  to  projectile  exit  from  the  section,  on  the  portion  of  the  force-slip  characteristic  that 
ires  above  a  chosen  uninimum  force  F0.  The  principal  design  parameter  is  the  ratio  Fq/Fc,  where  Fc 
is  the  maximum  force.  This  approach  was  extremely  promising,  and  was  actively  pursued. 

The  principal  importance  of  the  asynchronous  approach  is  that  it  removes  the  need  for 
precise  synchronism  between  the  magnetic  wave  packet  and  the  projectile.  This  permits  pre¬ 
sequenced  gating  of  the  switches  activatingthe  barrel  coils,  so  that  closed  loop  operation  is  not 
necessary. 
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Fourth  Quarter  -  Summary  of  Work  Performed 


The  work  accomplished  during  the  last  quarter  of  our  first  year  consists  of  four  pans. 

First,  a  complete  design  procedure,  initially  described  in  the  third  quarry  report,  was 
developed  based  on  the  theory  of  steady-state  operation  of  the  polyphase  induction  motor,  which 
the  launcher  resembles  in  many  respects.  This  step-by-step  procedure  develops  the  design  of  a 
multi-section  gun  which  will  accelerate  a  projectile  of  given  mass  to  achieve  a  specified  muzzle 
velocity.  Essential  parameters  that  enter  into  the  design  are:  sleeve  dimension!,  and  conductivity; 
specific  heat;  ability  to  withstand  mechanical  and  thermal  stress;  maximum  acceleration.  The 
design  calculates  the  total  barrel  length,  the  optimum  length  and  frequency  for  each  section,  the 
transit  time,  the  projectile  temperature  rise  and  estimates  the  losses.  A  sample  design  is  given  to 
Illustrate  the  procedure  for  a  1  kg  projectile  with  an  aluminum  sleeve,  a  muzzle  velocity  of  2000 
m/s  and  entry  speed  of  200  m/s,  8  sections,  and  maximum  acceleration  of  10*>  m/s^.  The 
corresponding  barrel  length  is  2.7  m  with  a  sleeve  temperature  rise  of  332°  C 

Second,  a  performance  analysis  of  the  launcher  was  made.  It  examined  the  question  of 
how  to  determine  the  launcher  dimensions  to  make  best  use  of  the  mechanical,  electrical,  and 
thermal  properties  of  materials,  while  minimizing  losses  and  maximizing  conversion  into  kinetic 
energy.  A  planar  model  of  the  launcher,  and  a  Fourier  series  representation  of  the  currents  and 
fields,  were  used  as  the  basic  tools  to  carry  out  the  work.  Parametric  studies  show  graphically  the 
effects  on  the  launcher  length  and  operation  of:  muzzle  velocity;  sleeve  length,  thickness  and 
radius;  pole  pitch;  allowable  mechanical  and  thermal  stress;  barrel  coil  thickness.  We  hope  to 
construct  an  experimental  model  during  our  second  year  of  work  to  the  extent  allowable  by  our 
funding.  This  will  enable  us  to  demonstrate  how  closely  the  performance  of  the  device  we  build 
by  our  design  method  agrees  with  predictions. 

Third,  an  initial  attempt  was  made  to  address  the  control  problem.  Since  the  transit  time  of 
the  projectile  through  the  gun  is  so  short,  it  is  not  feasible  to  use  a  closed-loop  real-time  scheme  to 
control  switch  triggering.  Instead,  a  more  practical  open-loop  alternative  was  conceived  which 
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uses  a  pre-scheduled  firing  sequence  together  with  an  adaptive  control  scheme.  Gun  performance 
data  is  taken  during  each  shot,  and  is  then  processed  to  re-schedule  subsequent  firing  sequences . 
In  this  way,  by  making  small  corrections  before  each  shot  is  fired,  a  self-adjusting  system  may  be 
made. 

Fourth,  a  series  of  experiments  was  performed  with  a  small  two-stage  coil  gun.  The  driver 
consisted  of  two  stationary  5-cm-diameter,  separately-  excited  coils,  and  the  projectile  of  a  3.5-cm 
length  of  thin-walled  copper  tubing.  The  driver  coils  were  sequentially  energized  by  allowing  50 
pp  condensers,  at  3  kV,  to  discharge  through  the  coils.  Velocity  reached  by  the  projectile  was 
determined  shortly  after  it  had  passed  through  the  driver  by  measuring  the  time  interval  between 
two  fixed  points  in  its  guiding  PVC  tube.  Of  great  interest  was  the  clear  demonstration  of  how 
critical  was  the  initial  location  of  the  projectile  at  the  time  of  firing  if  a  high  velocity  of  the  projectile 
was  to  be  achieved.  We  hope  to  avoid  this  problem  in  our  gun  designs  by  using  a  sleeve 
projectile,  polyphase  excitation  of  the  barrel  and  an  asynchronous  mode  of  operation. 
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